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Abstract 
Naphthenic acids (NAs) are naturally occurring organic acids present in crude oil and bitumen as contaminants. Their presence in the crude oil 
greatly reduces the quality and price of crude oil. NAs also causes corrosion in the production and processing facilities. They are quantified in 
the petroleum as Total acid number (TAN), which is the amount of KOH required to neutralize one gram of oil. In this study, the TAN of NAs 
was reduced by using subcritical methanol and then a mixture of 1-butyl-3methylimidazolium octyl sulfate ([BMIM] [C8HSO4]) and subcritical 
methanol. The experiments were conducted in an autoclave batch reactor at temperatures of 70-150°C, methanol partial pressures of 0.2-2.5 
MPa and reaction time of 0-120 min. TAN value of the reaction was analyzed by ASTM D974 method. The experimental results demonstrate 
that high temperature and reaction time favors the TAN reduction. Approximately 24% TAN reduction was achieved by using only subcritical 
methanol at a temperature of 150°C , methanol partial pressure of 0.2 MPa and reaction time of 30 min. TAN was reduced to 32% by the 
addition of [BMIM] [C8HSO4] at the same conditions, indicating the capability of this IL to work under the subcritical methanol conditions. 
Maximum 56% TAN reduction was achieved at a temperature of 150°C, a reaction time of 120 min using subcritical methanol. These results 
show that the subcritical methanol has the ability to lower the reaction time in an environmental-friendly and economical way. The presence of 
1-butyl-3-methylimidazolium octyl sulfate [BMIM] [C8HSO4] further help in lowering the TAN. 
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1. Introduction 
Naphthenic acids (NAs) are naturally occurring organic acids; they are mixtures of cycloaliphatic and alicyclic carboxylic 
acids with general formula CnH2n+ZO2. Here n is the number of carbons and Z refers to hydrogen deficiency, which is due to the 
formation of rings [1]. The physical and chemical properties of NAs largely depend on their molecular structure, as reactivity of 
NA also changes with the structure [2]. Besides NAs, there are fatty acids, aromatic acids, inorganic acids, hydrogen sulfide and 
phenols present in the crude oil. NAs contribution to the acidity of crude oil is very high as compared to other acids [3]. NAs 
usually present in all types of crudes but the crude is considered acidic if it has total acid number (TAN) greater than 0.5 mg 
KOH/g and considered highly acidic if TAN is above 1 mg KOH/g. The presence of NAs causes corrosion in the production 
tubing, transportation pipelines, storage tanks and refinement equipment. Removal of NAs is considered very important in heavy 
oil upgrading [4].  
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There is a lot of literature available in the form of patents and research papers to remove or neutralize NAs present in the crude 
oil. Currently, the industrially applicable process includes the use of NaOH (caustic washing) with electric treatment, which 
converts the acid into salt and water that can either be removed or are less corrosive. 
Other practices include dilution of high TAN crude oil with a low TAN crude oil, which reduces the overall TAN to an 
acceptable level and that can be used without further processing. The use of expensive alloy materials in the refinery which 
resists the effect of acid corrosion, this method is relatively less expensive than the former [5, 6]. However, these approaches 
have their own demerits and are not entirely satisfactory. For instance, aqueous base washing can effectively remove NAs, but 
with the formation of water and emulsion that in return is very difficult to treat. Dilution with low TAN crude oil may reduce the 
TAN but acidic compounds still remain [7]. Many other methods possess the ability to overcome the problem of naphthenic acid 
but are still in testing stage and industrialization of them has not been seen. These methods include solvent extraction, adsorption, 
hydrogenation, thermal decomposition, catalytic decarboxylation and esterification [8]. 
All of the above methods have some shortcomings. For instance solvent extraction generates a large quantity of organic 
solvent waste which is hazardous to the environment, while the adsorption technique is only viable for low temperature lighter 
distillates. As for thermal cracking and decarboxylation high temperature is required (>250oC), which causes cracking of 
hydrocarbons and also leads to corrosion problems [8]. Use of hydrogenation for petroleum requires a huge investment in 
equipment and a large quantity of hydrogen [9]. 
Esterification has been previously used for diesel fuel and vacuum distillate. This process has shown the ability to reduce the 
acidity of high acidic crude oils. Esterification of NAs is a slow reaction and also requires high temperature. To overcome this 
problem different catalyst has been applied in this process, previously used catalysts  include metal oxide [10, 11], magnesium-
aluminum composite oxides [12],  magnesium-aluminum hydrotalcite [13, 14], a hydrotalcite supported K2CO3 [15] and different 
mineral acids,  these catalysts have some limitations and environmental issues due to which their industrialization has not been 
seen. 
The oil industry is one of the most important industries in the world. In the recent decade, it has continuously modernized its 
process, looking to satisfy two main themes, one is concerned with the environment pollution and the other is to minimize the 
operational and technological problems. Ionic liquids (ILs), a new class of solvents with unique and promising properties like 
almost zero volatility, high thermal stability, nonflammability, wide electrochemical window, and wide liquid range has become 
the preferred choice for petroleum and petrochemical processing industries [8, 16]. They are also called designer solvents due to 
their functionalization ability, so can be modulated according to the reaction condition and requirements. Primarily ILs were used 
as solvents but now they are finding applications in different fields like catalysis, electrochemistry, spectroscopy and material 
science [17]. Different kind of ILs were previously used for the TAN reduction, mostly for the extraction of NA from crude oil. 
Ionic liquids with strong alkalinity showed good results, but there are some shortcomings like high oil to reagent ratio required 
and loss of reagent during extraction of NAs [8, 18, 19]. Acidic ionic liquids were also employed, Anderson et al. used amino 
acid based ionic liquids, results showed that the mechanism by which reduction occurs is through the formation of zwitterion 
complex between IL and NA. Amino acid anion played a key role in the formation of this complex [20]. Apart from this, 
different ILs were successfully used as catalysts for the biodiesel production by esterification process [21-23]. These researches 
have proved ILs as a replacement for both homogenous and heterogeneous catalysts with excellent recovery and reusability. Here 
an imidazolium based IL; 1-butyl-3-methylimidazolium octyl sulfate [BMIM] [C8HSO4] is selected, this ionic liquid has a 
thermal stability of 286°C and was previously used for hydrogenation of cyclooctadiene with nickel support [24]. These alkyl 
sulfate based ionic liquids are cheaper and more adequate than halogen based ionic liquids, they are also an interesting candidate 
for industrial applications [25]. The esterification reaction with a catalyst is shown below: 
 
 
(1) 
     (     a) Traditional Catalysts (Sulfuric acid, solid acids, solid bases, etc.) 
     (     b) Novel Catalysts (ILs) 
 
As from the literature review, it is found that only supercritical l methanol has shown 100% conversion of NA with shortest 
reaction time but the reaction swear conditions hinder its utilization [26]. The objective of this paper is to couple [BMIM] 
[C8HSO4] with subcritical methanol and check the capability of both, subcritical methanol and a mixture of subcritical methanol 
and IL in reducing the TAN with high reaction rate and less swear reaction conditions. The use of IL in the presence of 
subcritical methanol is scarce in the literature. 
1076   Faisal Zafar et al. /  Procedia Engineering  148 ( 2016 )  1074 – 1080 
2. Experimental 
2.1. Materials 
Commercially available NA was purchased from Sigma-Aldrich and used without further treatment. Physical properties of 
NAs are listed in Table 1. The other chemicals used were purchased commercially from EMD Millipore Corporation, which 
includes methanol (purity ≥ 99.8 %), 2-propanol (purity ≥ 99.8 %), toluene (purity ≥ 99.9 %), Phenolphthalein (indicator grade) 
and ethanol (purity ≥ 99.5 %). [BMIM] [C8HSO4] was collected from Ionic liquid Centre of Universiti Teknologi PETRONAS 
(UTP). 
 
 
 
 
 
 
 
 
 
2.2. Experimental Procedure 
The subcritical methanol esterification was performed in a 20ml autoclave reactor purchased from China. This reactor can 
sustain a maximum temperature of 230°C and pressure of 3 MPa. Approximately 0.05-0.15 g of NAs, 10-20 ml methanol and 1:1 
ratio of [BMIM] [C8HSO4] to NAs were charged into the reactor. Methanol amount used was moderate to control the methanol 
partial pressure inside the reactor. A well know Peng-Robinson equation of state was used to calculate the amount of methanol to 
be loaded into the reactor by fixing the temperature and methanol partial pressure. The reactor was cleaned with a solvent 
solution of toluene and 2-propanol and put in the oven to dry before each run of experiments. An electric oven was used for 
heating the reactor. Before the experiment oven was heated to the set temperature. Then, the reactor containing reactants was 
loaded to the oven, which initially cause the oven temperature to decrease for 2-3 min and then subsequently increased to the set 
temperature. This study defines the zero time as when the temperature of the oven starts increasing again after the reactor loading 
to the oven. After specific time oven was stopped and reactor was taken out and quenched into a water bath for one hour. Finally, 
the reactor product was collected by washing the reactor with the solvent. 
2.3. Analytical Procedure 
There are two well-known methods to measure the acidity of crude oil one is ASTM D664 and other is ASTM D974. ASTM 
D664 has low repeatability and reproducibility [27]. So here for the TAN measurement ASTM D974 method was used due to its 
good accuracy. Phenolphthalein was used as an indicator instead of p-naphtholbenzein. Toluene and 2-propanol were used as 
solvents in 1:1 ratio. A standard solution of 0.05 mol/L of KOH was prepared in the solvent for sample analysis. TAN of NAs 
was calculated by titration the product with KOH solution. TAN was calculated using the following formula: 
 
,0
 
 
KOH KOH
NAs
V N CFmg KOHTAN
g NAs W
ª ºu u§ ·  « »¨ ¸ « »© ¹ ¬ ¼
 (2) 
  
Where VKOH = volume of KOH in mL, NKOH = concentration of KOH in mol/L, WNA,o = weight of loaded NAs in g and CF = 
56.11g/mol. 
 
TAN reduction of NAs was calculated using the following equation: 
 
 of esterified oil
 Reduction = 1 100
 of base stock
TANTAN
TAN
§ · u¨ ¸© ¹  (3) 
 
Table 1. Properties of NAs 
Properties Value 
TAN (Initial) 230 mg KOH/ g 
Density 0.92 g/mL at 20°C 
Color Dark Yellow 
Odor Pungent smell 
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3. Results and Discussion 
3.1. TAN reduction using Subcritical methanol 
3.1.1. Effect of Temperature 
 
First, the experiments were performed without using methanol to see the effect of temperature on the TAN reduction. It can be 
seen from the Fig. 1 that the temperature alone has a negligible effect on the TAN reduction from 70 to 150°C. According to the 
finding of Wang et al. the decomposition of NA using Mg-Al Hydrotalcite catalyst occurs at above 300°C [9]. So the main 
reaction here is the esterification reaction. Second, the experiments were performed with methanol to observe the subcritical 
methanol effect. The experiments were performed at temperature of 70-150°C, a methanol partial pressure of 0.2 MPa. NAs 
amount loaded to the reactor was 0.05g-0.15g for each run of the experiment.  
It was observed that TAN reduction increased with the increase in temperature, as esterification is an endothermic process. 
Subcritical conditions proved to be more efficient in reducing the reaction time, approximately 24% TAN reduction was 
achieved in 30 min of reaction time without using any catalyst. Comparing these results with Wang et al. study showed that by 
using methanol at different temperatures without any catalyst will give very low TAN reduction as compared with the methanol 
at subcritical conditions [9]. So it can be concluded that subcritical conditions of methanol are more favorable for the reaction.  
Figure 1. Variation of TAN reduction with temperature at a methanol partial pressure of 0.2 MPa and a reaction time of 30 min 
3.1.2. Effect of Time 
 
To check the effect of time on the esterification reaction, time was varied from 30 min to 120 min. The temperature was fixed 
at 150°C to check the maximum conversion at this temperature. It can be seen from the Fig. 2 that conversion increase with the 
increase in reaction time under the fixed temperature. The most important benefit for using subcritical conditions of methanol is 
the reduction in reaction time as the study by Mandal et al. has shown 100% TAN reduction in just 60 min by using only 
methanol at supercritical conditions, reaction conditions were very high which hinders its utilization [26]. Here subcritical 
conditions of methanol have shown 24% TAN reduction at a temperature of 150°C and a reaction time of 30 min, which is 
comparatively higher than the results achieved by previous researchers at this temperature and time condition. Prolonging the 
reaction time to 120 min, TAN reduction increased to 56%, which implies that TAN reduction of NA is a time dependent 
reaction, although subcritical conditions are more favorable in reducing reaction time.  
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Figure 2. Effect of Time at a temperature of 150°C and a pressure of 0.2 MPa 
3.1.3. Effect of Methanol partial pressure 
 
In principle, pressure effect can be accurately measured by using plug flow reactor where pressure can be controlled by 
backpressure regulator. For batch reactor pressure is controlled by altering the amount of reactants.  Here the amount of methanol 
loaded for each run of the experiment is calculated by Peng-Robinson equation of state by fixing the reactor volume. The 
pressure inside the reactor is mostly due to the methanol as the methanol boiling point is very low as compared with the NAs. 
Increasing the amount of methanol loaded to the reactor, decreases the space for methanol vapors expansion, hence increasing 
the pressure of the reactor. If smaller space is available for the methanol vapors means higher will be the pressure [28]. The 
amount of methanol is very precisely loaded and calculated from the Peng-Robinson equation of state.  At subcritical conditions 
methanol solubility increases which result in more product formation and also increase the reaction rate. Solubility can also be 
analyzed by the color change of methanol and NA mixture, as the solution become darker after the reaction. Under subcritical 
conditions the molecules move speedily inside the reactor, increasing the probability of effective collision between the reactant 
molecules. From Fig. 3, TAN reduction of NAs under methanol partial pressure of 2.5 MPa is 32% which is higher than TAN 
reduction at 0.2 MPa pressure for the same temperature and reaction time i.e. 150°C and 30 min respectively. 
Figure 3. Effect of methanol partial pressure at a temperature of 150°C and a reaction time of 30 min 
3.2. TAN reduction using 1-butyl-3methylimidazolium octyl sulfate 
To see the effect of IL, [BMIM] [C8HSO4] was used with subcritical methanol to further enhance the TAN reduction. [BMIM] 
[C8HSO4] was used at 1:1 ratio with NAs. The experiment was run at 150°C and 0.2 MPa pressure for 30 min and compared with 
the result of subcritical methanol at same conditions. The comparison in Fig. 4 shows that TAN reduction was relatively higher 
than that we get with subcritical methanol. As esterification is mostly catalyzed reaction due to the slow reaction speed, this IL 
has shown the potential application in this reaction at subcritical conditions of methanol. This IL is a viscous fluid at room 
temperature, solubility check showed that it is readily soluble in polar solvents like methanol, ethanol, propanol, and partially 
immiscible with non-polar solvents like alkanes and aromatic hydrocarbons. Previously investigated ILs in esterification 
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processes showed the problem in reaction speed which is due to their low solubility in acid and methanol. However, this reaction 
can be accelerated using IL under subcritical conditions. From 24%, TAN was reduced to 32% with the addition of IL for the 
reaction time of 30 min. 
Figure 4. Effect of [BMIM] [C8HSO4] on TAN reduction of NAs at a temperature of 150°C and a methanol partial pressure of 0.2 MPa 
4. Conclusion and Recommendation 
The use of subcritical methanol with IL looks promising methodology for the TAN reduction under mild conditions. Methanol is 
renewable and IL can be extracted and reused. Results showed that esterification of NAs is a time and temperature dependent 
reaction. The addition of IL showed an increase in the TAN reduction as TAN with subcritical methanol was reduced to 24.48% 
whereas with the addition of IL the value reached to 32% for the same reaction time of 30 min. Although with the addition of 
[BMIM] [C8HSO4], there was an increase in TAN reduction but the result was not obvious as compared to subcritical methanol, 
hence this process requires employing protic ionic liquids as esterification is an acid-catalyzed process. Work on the mechanism 
and use of other ILs is under way in our laboratory. More studies are needed to analyze and quantify the product formed after the 
reaction and the reusability of IL should also be checked to make this process more feasible. 
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